1. Ca2+ currents were measured in single cells isolated from frog ventricle using the whole-cell patch clamp technique and a perfused pipette. K+ currents were blocked with intracellular (120 mM) and extracellular (20 mM) Cs+.
ICa elicited by a subsequent test pulse with half-maximal inactivation occurring for pre-pulses to -40 mV. With pre-pulses positive to + 20 mV, ICa elicited by the test pulse became progressively larger. The degree of inactivation induced by a 200 ms depolarization to potentials more positive than + 20 mV varied significantly from cell to cell, while no such variations were observed in the negative range of membrane potentials.
5. The time course of reactivation (i.e. removal from inactivation) of ICa at -80 mV often exhibited an overshoot. The amplitude of the overshoot varied between 100% (i.e. no overshoot) and z 180% in eighty-one cells.
6. The degree of inactivation at positive potentials (+ 100 mV) and the amplitude
INTRODUCTION
Ca2+ channels are present in a large variety of excitable and non-excitable cells. In heart muscle, Ca2+ channels give rise to the slow inward Ca2+ current (ICa) and participate in many aspects of cardiac function (see e.g. reviews by Tsien, 1983; Reuter, 1983) . For example, ICa is involved in the development of the cardiac action potential (Reuter, 1967;  , in the generation of electrical activity in nodal tissue (Noma, Kotake & Irisawa, 1980) , in the initiation and development of myocardial contraction (Beeler & Reuter, 1970; Vassort & Rougier, 1972) , and in the neurohormonal control of these functions (Vassort, Rougier, Garnier, Sauviat, Coraboeuf & Gargouil, 1969; Giles & Noble, 1976; Reuter & Scholz, 1977; . Our understanding of how Ca2+ channels function has been greatly facilitated by the use of the patch-clamp technique (Hamill, Marty, Neher, Sakmann & Sigworth, 1981) which, in its various configurations, has permitted the study of Ca2+ channels at both the macroscopic (i.e. whole-cell ICa) and microscopic (i.e. single Ca2+ channel) levels. This technique has demonstrated that multiple forms of Ca2+ channels exist. In heart, two different types of Ca2+ channels.have been found in mammalian atrial and ventricular cells (Bean, 1985;  Nilius, Hess, Lansman & Tsien, 1985; Mitra & Morad, 1986) and in frog atrial cells (Bonvallet, 1987) .
Despite the considerable advances in understanding Ca2+ channel function, it has been difficult to explain all the properties of the macroscopic Ca2+ current in terms of the properties of the single Ca2+ channels. For example, the inactivation of Ca2+ channels induced by a depolarization of the membrane and the recovery from inactivation (reactivation) seen upon repolarization remain poorly understood. It has been proposed that Ca2+ channels may be inactivated both by a voltagedependent mechanism analogous to that of Na+ channels and by a Ca2+-dependent mechanism which depends upon the influx of Ca21 into the cell during the Ca2+ INACTIVATION AND REACTIVATION OF Ca21 CURRENT current. Although a variety of experiments on the macroscopic ICa support a Ca2+-dependent mechanism (for review see Eckert & Chad, 1984) single-channel measurements have failed to detect Ca2+-dependent inactivation (Lux & Brown. 1984a, b; Cavalie, Pelzer & Trautwein, 1985 . Reactivation of whole-cell ICa has also been shown to be affected by Ca2+ ions entering the cell during a pre-pulse in cardiac (e.g. Kohlhardt, Krause, Kiibler & Herdey, 1975; Shimoni, 1981; Josephson, Sanchez-Chapula & Brown, 1984) and neuronal (Yatani, Wilson & Brown, 1983) preparations, but the basis for reactivation on a single-channel level has not been demonstrated.
Differences in behaviour of the macroscopic Ca2+ current and single Ca21 channels could be due to interactions between -Ca2+ channels or to differences in the intracellular Ca2+ concentration when a single channel opens in a cell-attached patch compared to when many Ca21 channels open during a whole-cell Ca2+ current. In this paper we have investigated some of the factors that influence the inactivation and reactivation of whole-cell Ca2+ currents recorded from isolated cells of frog ventricle. A single type of Ca2+ current, which is similar to the high-threshold, slowly inactivating, L-type Ca2+ current described by others, was observed in these cells. Our results show significant cell-to-cell variations in both the amplitude of ICa and the Ca2+ current density recorded under basal conditions. The inactivation and reactivation properties of ICa were correlated with fluctuations in ICa density, which suggests a participation of Ca2+ ions in the control of these mechanisms. A preliminary report of this work has appeared (Fischmeister, Argibay & Hartzell, 1987) .
METHODS
The methods used for cell dissociation, whole-cell patch clamp recording, superfusion and internal perfusion of the cells, and data analysis have been extensively described in previous papers ) and were used with no major modification in the present study.
Briefly, for routine monitoring of Ca21 current (ICa), the frog (Rana esculenta) ventricular cell was depolarized every 8 s from -80 mV holding potential to 0 mV for 200 ms. To measure accurately 'Ca with no contamination of other ionic currents, the cells were bathed in K+-free, 20 mM-Cs' Ringer solution containing 88-4 mM-NaCl, 20 mM-CsCl, 22-9 mM-NaHCO3, 0-6 mM-NaH2PO4, 1-8 mM-CaCl2, 1-8 mM-MgCl2, 5 mM-D-glucose, 5 mm-sodium pyruvate and 0-3 ,uM-tetrodotoxin (Sankyo, Japan). Current-voltage relationships, inactivation curves and recovery from inactivation (reactivation) curves were obtained with voltage clamp protocols previously described .
The standard internal solution in the patch electrode (1-3 MQ resistance) contained: 120 mMCsCl, 5 mM-K2EGTA, 4 mM-MgCl2, 5 mM-Na2CP, 3 mM-Na2ATP, 0-4 mM-Na2GTP, adjusted to pH 7-1 with KOH. Solutions were applied to the exterior of the cell by placing the cell at the opening of the 250,um inner diameter capillary tubing flowing at a rate of 10,ul/min . Solutions were applied to the interior of the cell by the patch electrode and could be modified by a system that permitted perfusion of the patch electrode with different solutions . Under these conditions, I, was measured on-line as the difference between peak inward current and the current at the end of the 200 ms pulse Yeramian & Claverie, 1988) based on the powerful method described by Yeramian & Claverie (1987 Bean (1985) for the separation of a high-and low-threshold ICa (Fig. t in Bean, 1985) . When the cell was depolarized from holding potentials of -100 or -40 mV to potentials more positive than -30 mV, an inward Ca21 current could be elicited (Fig. IA) . This current, however, was not elicited when the cell was depolarized from -100 mV to potentials more negative than -30 mV ( Fig. 1 B, two top traces). Net Ca2+ current (ICa) was calculated, for each membrane potential, as the difference between peak inward current and 'leak' current (I200) measured at the end of the 200 ms pulse Methods) . The current-voltage (I-V) relationship of I200 was almost linear and was not affected by the holding potential ( Fig. 1 C) . When the holding potential was -40 mV as compared to -I00 mV, ICa was smaller at every membrane potential ( Fig. 1A and C) . The threshold potential of ICa was not affected by the holding potential (Fig. 1 C) . The observed threshold (-40 to -30 mV) corresponds to that reported for the high-threshold, L-type Ca2+ current by others. The difference current, obtained by subtracting the current elicited from a holding potential at -40 mV from the one elicited from -100 mV, had a similar I-V relationship to that of ICa' although the peak was shifted by t 10 mV to the right (Fig. 1 C) . This shift in the I-V relationship is most likely a consequence of subtracting two currents having different kinetics, because the shift is much less evident if the I-V curves themselves (rather than the currents) are subtracted. Similar results were observed in each of five cells. These results are different than previously published experiments on mammalian cardiac cells (Bean, 1985; Nilius et al. 1985; Mitra & Morad, 1986) and frog atrial cells (Bonvallet, 1987) gave a slope ofr0171 pF/,m (r = 0-51; data not shown). This value would correspond to a specific membrane capacitance of 1s1 inF/cm2, if one assumes that the frog ventricular myocyte is a 5 ,um diameter cylindrical cell (Page & Niedergerke, 1972; Simmons, Creazzo & Hartzell, 1986) . Although the cells were not all used in the same experimental protocol, the patch electrode was initially filled with the standard intracellular solution (Methods) and every experiment started with a control period during which 'Ca was repetitively monitored (every 8 s) in response to a 200 ms depolarization to 0 mV from--80 mV.
iCa generally increased during the first minutes that followed disruption of the Figure 3A shows I-V relationships for net ICa recorded in four different cells under identical experimental conditions. These cells were selected for their differences in ICa density: ICa density at 0 mV was 1P8, 2-3, 3-9 and 6-6 pA/pF (Fig. 3B ). Although the shapes of the I-V curves were identical in the cells with the three largest ICa density amplitudes, the I-V curve for the cell with the smallest ICa density was shifted ; 10 mV positive. ICa reactivation (i.e. recovery from inactivation) and inactivation curves were measured in these cells ( Fig. 3C and D) . Recovery from inactivation was measured by a double-pulse protocol: two 200 ms pulses to 0 mV were separated by various interpulse intervals and the amplitude of ICa in response to the second (test) pulse was plotted as a percentage of ICa elicited by an identical pulse without a pre-pulse. Recovery at -80 mV from the inactivation caused by the pre-pulse was faster in cells with smaller ICa density (Fig. 3C ). Reactivation developed progressively from 0 to 100 % in the cell with the largest ICa density but the reactivation curve for the cells with lower ICa density exhibited overshoots (105-125%) between 200 and 700 ms pulse interval duration. The overshoot occurred earlier and was more pronounced in cells with the lower ICa density. Inactivation induced by a 200 ms pre-pulse to various membrane potentials was measured during a 200 ms test pulse to 0 mV separated from the pre-pulse by a 3 ms return to holding potential (Fig. 3D ). With the exception of a 10 mV shift in the cell with the lowest ICa density, ICa inactivation curves between -50 and + 10 mV were not significantly different in the four cells. In contrast, above + 20 mV, significant differences in the inactivation curves were seen. A pre-pulse to potentials positive to + 20 mV induced more inactivation in the cells with the larger ICa density than in the cells where ICa density was small.
These differences in inactivation and reactivation properties of ICa were investigated in a large population of cells. Figure 4 shows the data from eighty-one cells under identical ionic conditions where both inactivation and reactivation protocols were performed. In each cell, the maximal recovery ofICa from inactivation by a 200 ms pre-pulse to 0 mV (i.e. the overshoot in the reactivation curve at -80 mV, Fig. 4A ) and the availability of ICa at 0 mV following a pre-pulse to +100 mV (1-inactivation at +100 mV i.e. the fraction of ICa that was not inactivated at + 100 mV, Fig. 4B ) were measured as a function of ICa density at 0 mV. For ICa densities ranging from 0 to 6 pA/pF, both parameters followed a steeply decreasing function of ICa density which asymptoted for ICa density > 8 pA/pF (Fig. 4 ). For cells with Ica density below 2 pA/pF, the Ica reactivation overshoot was as much as 150 %, and ICa availability at + 100 mV was > 100%.
Pacing dependence of ICa
The presence of an overshoot in the ICa reactivation curve (Fig. 3C) and its variability as a function of ICa density (Fig. 4A) suggest that ICa will behave differently depending on ICa density when the cell is stimulated at different , three cells were pulsed from the -80 mV holding potential to 0 mV for 200 ms at a frequency of 2 Hz (i.e. 300 ms interval at -80 mV between consecutive pulses). In a cell with a low ICa density (Fig. 5A ), this high stimulation frequency induced a positive staircase for ICa' which remained 60 % larger than control after 20 s of fast pacing. In a cell with a larger ICa density (Fig. 5C ), ICa followed a negative staircase and was reduced by almost 50% after 20 s of fast pacing. An intermediate level Of ICa density (Fig. 5B) induced a biphasic change in ICa: ICa was increased during the first five stimulations at 2 Hz and then declined below control to about 85% of its initial value after 20s of a rapid stimulation.
Are Ca2+ ions involved in the variability of Ica properties?
The strong dependence of Ica inactivation and reactivation on the density of Ic.
suggests that influx of Ca2+ ions during the Ca2+ current may play a role in these mechanisms. Although the concentration of EGTA (5 mM) used in our intracellular patch electrode solution was sufficient to completely abolish twitch contractions of the cell within few seconds after disruption of the membrane patch, the concentration of Ca2+ ions near the membrane may not have been adequately buffered on a millisecond time scale by the Ca21 chelator (Gorman, Levy, Nasi & Tillotson, 1984;  Mairty & Neher, 1985; Bechem & Pott, 1985) . BAPTA has been shown to be a faster and more efficient chelator for Ca2+ than EGTA when used at a similar concentration (Marty & Neher, 1985) . Using the intracellular perfusion apparatus that allowed changing the solution in the patch electrode during the experiment ; see Methods) we investigated the effects of intracellular perfusion with 5 mM-BAPTA, substituted for EGTA, on the inactivation and reactivation properties of Ic. Perfusion of the cell with 5 mM-BAPTA increased net ICa (Fig. 6 ) by % 20% on average (N = 3). A kinetic analysis was performed on ICa elicited by pulses to 0 mV in the same cell perfused with EGTA and BAPTA (Fig. 6 , inset traces) using the computer program EXCALC (Fischmeister et al. 1988) . Four exponential components were detected. Two were in the capacitive charge plus activation phase and two were in the inactivation phase. The bandwidth of our recording device (DC to 1-25 kHz) was too narrow to allow an accurate measurement of the activation phase of Ica but was adequate for the analysis of the inactivation phase. In the experiment of Fig. 6 , with EGTA, the inactivation was described by the equation: Therefore, perfusing the cell with BAPTA slowed down the inactivation of ICa' mainly its slower component (P = 006). A similar observation was found in two other cells. This is in contrast to the results of Kokubun & Irisawa (1984) , who found A 200 ms depolarization to potentials around 0 mV induced more inactivation in EGTA than in BAPTA. However, a depolarization to higher potentials induced less inactivation in EGTA than in BAPTA. Also, the reactivation of ICa developed more slowly and had a smaller overshoot when the cell was perfused with BAPTA as compared to EGTA (Fig. 7B) . The effects of BAPTA on ICa reactivation were not reversible in the three cells where BAPTA was tested. We also investigated the effects of substituting Ba21 for Ca2+ on the inactivation and reactivation of ICa, Ba21 is often used as a charge carrier for Ca2+ channels due to the higher selectivity of the channel for Ba2+ . Furthermore, Ba2+ ions do not activate Ca2+-mediated processes involved in the inactivation of ICa (Mentrard, Vassort & Fischmeister, 1984 a; Eckert & Chad, 1984; Lee, Marban & Tsien, 1985) . Large changes in the amplitude and kinetics of ICa were observed when Ca2+ ions were replaced by Ba2+ ions at equimolar concentration (Fig. 8A, inset) . Current traces were elicited by 200 ms pulses to 0 mV and analysed using EXCALC. The inactivation kinetics were significantly modified by the ionic Fig. 3D . B, reactivation of Ic. was measured by a double-pulse protocol as in Fig. 3C (holding potential = -80 mV). The Goblet, 1988 ) the fast ICa inactivation component seems to be related to Ca2+-mediated inactivation, while the slower process corresponds to voltage-dependent inactivation. For this reason, Ba2+ currents through Ca21 channels inactivate largely because of voltage-dependent mechanisms. Furthermore, the inactivation curve is changed to a shape typical of voltage-dependent inactivation (Fig. 8A) (Mentrard et al. 1984 a; Kass & Sanguinetti, 1984; Lee et al. 1985; Hadley & Hume, 1987) .
Replacement of Ca2+ with Ba2+ has been shown to have no effect on reactivation in multicellular mammalian preparations (Kass & Sanguinetti, 1984) but slows down reactivation in frog atrium . In our isolated cardiac cells, the substitution of Ca2+ by Ba2+ strongly affected the reactivation of ICa (Fig. 8B) . The overshoot in the reactivation curve seen when Ca2+ is the charge carrier completely disappeared when Ba2+ ions were transferred through the channels (Fig. 8B and compare the raw data in the inset). Thus, Ca2+ ions seem clearly involved in the overshoot that occurred in the reactivation of ICaAs described in other cardiac preparations, reactivation of ICa was also strongly voltage-dependent in frog cardiac cells. The potential between pulses during the reactivation protocol changed the reactivation process: reactivation was progressively slowed with more positive interpulse potentials ( Fig. 9A ; see also Mentrard et al. 1984a ). The effect of interpulse potential on reactivation occurred over a range of membrane potentials that do not activate Ca2+ channels. The overshoot in the reactivation of ICa was also modified by membrane potential. The overshoot occurred earlier and was of smaller amplitude when the interpulse potential was -113 mV than when it was -80 mV. No overshoot was seen when interpulse potential was -60 mV (Fig. 9A) . Reactivation of ICa was also slightly affected by the potential at which inactivation occurred (Fig. 9B) : the overshoot was reduced at membrane potentials (-15 and + 20 mV) where the amplitude of ICa was smaller ( Fig. 9B and traces in inset) . A similar dependence on membrane potential was recently found in guinea-pig ventricular myocytes for the potentiation of Ca2+ current by repetitive depolarization (Lee, 1987) .
Effects of agents that elevate 'Ca
If the density of Ca2+ current affects the properties of Ca2+ channels, a 'direct' action of a drug on these properties will be difficult to distinguish from an 'indirect' effect occurring as a result of a drug-induced modification in ICa density. The regulation of 'Ca by 8I-adrenergic agonists or cyclic AMP is a typical example. Extracellularly applied isoprenaline or internally perfused cyclic AMP induce large increases in ICa in frog ventricular cells (Fig. 1OA ) and modify inactivation (Fig. lOB) and reactivation (Fig. lOC) curves . In the experiment illustrated in Fig. 10 , ICa density was increased by 650 % when the patch electrode was perfused with an intracellular solution containing 5 sM-cyclic AMP (Fig. 1OA) . The (0) separated by intervals of increasing durations were applied to the cell, and the ratio of ICa in response to the test pulse divided by ICa in response to the pre-pulse is plotted in percentage as a function of the inter-pulse interval duration. Individual current traces are shown at each potential. Two traces are superimposed: the current during the pre-pulse and the current during the test-pulse elicited 500 ms later. Peak inward current level during the pre-pulse is indicated by an arrow. Calibration bars: horizontal 50 ms; vertical 300 pA. Membrane capacitance was 102 pF.
+ 10 mV was greater in cyclic AMP than in control (Fig. 1OB) , while the inactivation curve at negative potentials was largely unaffected by the nucleotide. Reactivation of ICa occurred more slowly in cyclic AMP than in control (Fig. OC) or forskolin . These effects resemble those seen as a result of ICa density fluctuations (Fig. 3) . For this reason, we analysed (as in Fig. 4 ) twenty-seven experiments where maximal doses of isoprenaline (2 /tM), cyclic AMP (5/tM) or 8-bromo cyclic AMP (5 1M) were used to increase 'Ca The results of this analysis are shown in Fig. 11 (A) . The characteristics of the reactivation (Fig. 1 A) and inactivation (Fig. 11 B) follow a similar dependence on ICa density as seen in control conditions. Thus, the modifications in ICa inactivation and reactivation curves induced by these experimental conditions are unlikely to be due to a direct action on the gating of Ca2" channels but, rather, may result from consequent increases in the density of Ca21 current.
DISCUSSION
A single type of Ca21 current
Our results indicate that frog ventricular cells possess a single type of Ca2+ current. Although these findings are at variance with most published data on cardiac cells (Bean, 1985; Nilius et al. 1985; Mitra & Morad, 1986; Bonvallet, 1987) , they are confirmed by several unpublished observations (B. P. Bean, personal communication; R. W. Tsien, personal communication; unpublished observation in Mitra & Morad, 1986) . Possible artifacts due to the recording technique and/or ionic composition of intra-and extracellular solutions are excluded, because two Ca2+ currents were separated in single atrial cells of the same species using similar experimental conditions (Bonvallet, 1987) . The findings that lower vertebrates have different populations of Ca21 channels in atrium and ventricle as compared to mammals (Bean, 1985; Nilius et al. 1985; Mitra & Morad, 1986) raises interesting evolutionary questions which are beyond the topic of the present study.
Cell-to-cell variability in ICa density and properties A large variability in 'Ca density was observed from cell to cell. It is not clear, however, whether these inherent differences in ICa density are due to variations in the number of functional Ca2" channels, modifications in the properties of each individual Ca21 channel, or both. The application of ,-adrenergic agonist or cyclic AMP to a given cell induces changes in inactivation and reactivation that were predictable from the relationship between ICa density and reactivation and inactivation under control conditions. Since these manoeuvres, by increasing the degree of phosphorylation of Ca21 channels, modify both the open probability and the number of functional Ca2+ channels (Tsien, Bean, Hess, Lansman, Nilius & Nowycky, 1986) , similar mechanisms may be responsible for cell-to-cell variability in ICa density. For example, inherent differences in basal activities of adenylate cyclase and/or cyclic nucleotide phosphodiesterases could induce variability in ICa density and ICa gating properties as those reported here. It should be noted, however, that the density of Ca2+ current corresponding to a maximally stimulated adenylate cyclase activity (with isoprenaline) or cyclic AMP-dependent protein kinase activity (with cyclic AMP or 8-bromo cyclic AMP) also varied significantly from cell to cell (Fig. 11, A) .
Another important question is whether these cell-to-cell variations in ICa density and inactivation-reactivation properties correspond to an actual situation for myocytes within the heart or whether they are induced by the enzymatic dissociation procedure. The first hypothesis is supported by the fact that large differences in the kinetics of ICa reactivation were also observed between different preparations in a multicellular system (frog atrial trabeculae: Shimoni, 1981) . However, Shimoni proposed that this variability might result from different amounts of Ca2+ loading of the preparations that could occur during the dissection of the trabeculae (Shimoni, 1981) . The second hypothesis is supported by the observation that collagenase exerts an inhibitory action on phosphodiesterase activity (Engfeldt, Arner & Ostman, 1985) , which could induce a variability in the cyclic nucleotide levels of enzymatically isolated cells.
Whole-cell ICa vs. single Ca21 channel properties
Our present data demonstrate that whole-cell properties of ICa are not stable entities, but depend upon a variety of factors, including stimulation frequency, holding potential, and current density. This variability cannot be easily explained by the known properties in single Ca21 channels, which have not been shown to be affected by these same factors (Brown, Camerer, Kunze & Lux, 1982) . For example, Ca21 ions seem to play a determinant role in controlling the mechanisms of inactivation and reactivation of whole-cell ICa in heart (Kohlhardt et al. 1975; Shimoni, 1981; Josephson et al. 1984; Mentrard et al. 1984a; Kass & Sanguinetti, 1984; Bechem & Pott, 1985; Lee et al. 1985) , whereas this conclusion is not supported by single-channel studies (Cavalie et al. 1985 (Cavalie et al. , 1986 . Although the reasons for these discrepancies are unknown, two possible explanations can be proposed which would account for the difference in behaviour of Ca2+ channels and whole-cell ICa to which this channel contributes: (1) Ca2+ channels have very small unitary conductances making their elementary Ca2+ channel currents undetectable at physiological extracellular Ca21 concentration. To overcome this difficulty, the concentration of the charge carrier (Ca2+ or more frequently Ba2+) is usually raised by a factor of 20-S50. This elevated concentration could strongly modify any ion-sensitive process located at the inner mouth of the channel where Ca2+-mediated inactivation is most likely to take place. (2) The elementary Ca2+ channel current is usually recorded while the rest of the cell membrane is at resting potential. Under these conditions the intracellular Ca2+ concentration in the vicinity of the channel may be different when Ca2+ ions enter the cell through a large population of Ca2+ channels. Indirect evidence in favour of the second hypothesis comes from the recent study of Mazzanti & DeFelice (1987) showing that the activity of a single Ca21 channel (conducting Na+ ions) is different when the membrane patch alone is driven by a voltage-clamped action potential compared to when the whole cell (including the membrane patch) is driven by the same voltage clamp pulse. Our results also support this hypothesis since an increase in the density of ICa would per se induce modifications in the inactivation and reactivation of ICa.
Overshoot in ICa reactivation
Previous reports have demonstrated the presence of an overshoot in the reactivation phase of Ca2+ current in multicellular cardiac preparations (Hiraoka & INACTIVATION AND REACTIVATION OF Ca2+ CURRENT Sano, 1976; Shimoni, 1981) . This 'facilitation' mechanism of ICa has been shown to be responsible for prolonged action potential duration at short diastolic intervals (Hiraoka & Sano, 1976; Hiraoka & Kawano, 1987) and positive current 'staircase' effects at high stimulation frequency (Noble & Shimoni, 1981 a, b) . 'Facilitation' of ICa or positive current 'staircase' effects have recently been reported in isolated cardiac cells as well (Hiraoka & Kawano, 1987; Tseng & Hoffman, 1987; Lee, 1987; Shimoni, Spindler & Noble, 1987) . A problem remains in interpreting these results due to the contribution of other ionic currents, mainly K+ currents, to the total current (Shimoni, 1981) . In neurones, for instance, complete blockade of K+ currents with Cs+ ions suppresses the 'facilitation' of Ca2+ current seen under K+ conditions (Tillotson & Horn, 1978) . In isolated cells from rabbit ventricle, blockade of the transient outward currents by 4-aminopyridine and caffeine completely eliminates the overshoot of ICa reactivation (Hiraoka & Kawano, 1987) . The suppression of the overshoot in Ica reactivation in dog and guinea-pig ventricular myocytes by caffeine, on the other hand, has been attributed to a participation of the sarcoplasmic reticulum in the regulation of Ca2+ channels (Tseng & Hoffman; ). An additional complication in the interpretation of these results comes from the presence of two populations of Ca2+ channels in mammalian heart and frog atrium: the reactivation of these two types of Ca21 currents would be expected to differ because of differences in the sensitivity of the two types of current to stimulation frequency (Mitra & Morad, 1986) . We expect that these various limitations are greatly minimized in our study since (1) a single type of Ca2+ current is present in frog ventricular cells and (2) the replacement of K+ ions by Cs+ on both sides of the membrane abolishes all K+ currents , although this ionic substitution per se did not seem to affect inactivation and reactivation properties of Ca2+ currents (Hennessey & Kung, 1985) .
Other differences exist between our results and previously published data. These could arise either from the above limitations or from species differences. In particular, f6-adrenergic agonists and cyclic AMP suppressed the overshoot and slowed down the reactivation of ICa in our experiments while completely opposite effects were reported in frog atrial trabeculae (Shimoni, Raz & Gotsman, 1984) and mammalian ventricular myocytes (Tseng & Hoffman, 1987 ; but see Shimoni et al. 1987) . Our observation that substitution of Ca2+ with Ba2+ slowed down the reactivation of ICa and suppressed the overshoot is in contrast to the results in calf cardiac Purkinje fibres (Kass & Sanguinetti, 1984) but agrees with results in frog atrial trabeculae and mammalian isolated ventricular cells (Tseng & Hoffman, 1987) .
Regulation of ICa by Ca2+ ions
Although voltage-dependent inactivation of both whole-cell Ca2+ currents and single Ca2+ channels has been shown to occur, a role for Ca2+ ions in the control of inactivation and reactivation of cardiac ICa has been clearly demonstrated only for whole-cell Ca2+ currents. Furthermore, the mechanism of Ca2+ regulation remains unclear. Ca2+-mediated inactivation has been attributed to the binding of Ca2+ ions to a site that controls the closure of the Ca2+ channel (see e.g. Plant, Standen & Ward, 1983; Eckert & Chad, 1984) . Evidence in favour of a Ca2+-mediated inactivation of 222 J. A. ARGIBA Y, R. FISCHMEISTER AND H. C. HARTZELL whole-cell ICa in heart mainly comes from three kinds of experiments. (1) The shape of the inactivation curves (e.g. Fig. 3D ) has been interpreted as evidence for Ca2+-dependent inactivation largely because the degree of inactivation decreases as the driving force for Ca2+ influx decreases. If one assumes that Ba2+ cannot substitute for Ca2+ in mediating Ca2+-dependent inactivation, the difference between the inactivation curve in the presence of Ca2+ and Ba2+ (Fig. 8A) should give the Ca2+-dependent component of inactivation. This component is similar to the I-V relationship for the Ca2+ current, as would be expected if the amount of Ca2+-dependent inactivation depended upon the amount of Ca2+ influx. Although the Ca2+-dependent component of inactivation is similar in shape to the ICa I-V relationship, it is skewed such that Ca2+-dependent inactivation seems to be more prominent at positive potentials. This suggests that the rapidly falling phase of the inactivation curve between -50 and -30 mV is largely a voltage-dependent process and partly explains why, cyclic AMP greatly increases Ca2+ influx without significantly affecting this portion of the inactivation curve. (2) Inactivation kinetics are accelerated when one increases either extracellular or intracellular Ca2+. Lowering intracellular Ca2+ concentration (CaF+) by increasing Ca2+ chelator concentration (EGTA, citrate, BAPTA) causes a significant delay in inactivation (Josephson et al. 1984; Bechem & Pott, 1985 ; but see Kokubun & Irisawa, 1984) . If inactivation of ICa is partly due to Ca2+ entry during 'Ca, recovery from inactivation would also be expected to depend to some extent on the removal of Ca2+ ions from the vicinity of the Ca2+ channels (see e.g. Eckert & Chad, 1984) . Although we have found that increasing external Ca2+ concentration slowed down the reactivation of ICa in isolated cardiac cells (data not shown), as was observed in neurones (Yatani et al. 1983) , the opposite effect has been reported in multicellular cardiac preparations (Kohlhardt et al. 1975; Shimoni, 1981) . (3) Finally, inactivation is slowed significantly when Ba2+ ions are the charge carrier.
The mechanism responsible for the overshoot in reactivation remains even less clear. The observation that the overshoot was reduced or disappeared when (1) Ca2+ was replaced by Ba2 , (2) the cell was internally perfused with BAPTA, and (3) ICa was smaller due to a change in membrane potential, suggests that an increase in Ca 2+ most likely in the vicinity of the Ca2+ channels, induces the 'facilitation' in ICa.
This hypothesis would be consistent with data obtained in multicellular cardiac preparations by Isenberg (1977) and Marban & Tsien (1982) , but would be inconsistent with the findings of Kokubun & Irisawa (1984) , who found no increase in ICa amplitude when guinea-pig ventricular cells were perfused with increasing levels of Ca2+ ions. Our observation that increasing the density of Ca2+ current decreased the overshoot and delayed the reactivation Of ICa on the other hand, would argue against a 'facilitation' of Ic. induced by intracellular Ca2+ ions.
We can explain many of our results if we assume that the reactivation of ICa is partly due to the extrusion of intracellular Ca2+ ions by the electrogenic Na+-Ca2+ exchange mechanism (Mentrard, Vassort & Fischmeister, 1984 b) . In order to explain the increase in ICa over its control value at short inter-pulse intervals, one must assume that (1) the transient increase in CaF+ during the first depolarizing pulse stimulates the extrusion of Ca2+ ions by the Na+-Ca2+ exchange upon repolarization so that Ca 2+ is transiently reduced below its control value, and (2) some Ca2+ INACTIVATION AND REACTIVATION OF Ca2+ CURRENT channels are inhibited by control levels of CaF+ (Plant et al. 1983 ) and can be recruited upon further reduction in Ca2+. The 'facilitation' in ICa would, thus, be a result of a 'facilitation' in the Na'-Ca2+ exchange mechanism. This 'facilitation' would not occur if the increase in Ca 2+ was too large, e.g. as a consequence of an enhancement in the density of ICa-It should be noted that the current generated by the Na+-Ca2+ exchange mechanism did not per se contribute to the enhancement of ICa during the overshoot in the reactivation phase (because the shapes of the I-V relationships of ICa in control and during the overshoot were identical (data not shown)). Our hypothetical scheme would satisfy the additional observations that (1) reactivation of ICa and the occurrence of the overshoot were both voltage dependent, and (2) the overshoot disappeared and the reactivation of ICa was markedly slowed in Na+-free external solutions (Shimoni, 1981) . One argument against this hypothesis is that the effects of elevation of cyclic AMP and of intracellular perfusion with Ba2+ on the reactivation overshoot were not reversible, even though the effects of these agents on inactivation and ICa kinetics were reversible. Another possibility is that a negative co-operativity exists between Ca2+ channels, as has been demonstrated for other types of ionic channels (see e.g. Yeramian, Trautmann & Claverie, 1986) .
